Emerging evidence indicates that nuclear receptors play a critical regulatory role in cardiovascular physiology/pathology. Recently, farnesoid-X-receptor (FXR), a member of the metabolic nuclear receptor superfamily, has been demonstrated to be expressed in vascular cells, with important roles in vascular physiology/pathology. However, the potential cardiac function of FXR remains unclear. We investigated the cardiac expression and biological function of FXR.
Introduction
Apoptosis has previously been shown to play an essential role in the pathogenesis of heart dysfunctions related to ischaemia/ reperfusion (I/R), pressure overload, and chronic heart failure. 1 Increased cardiomyocyte apoptosis results in contractile tissue loss, compensatory hypertrophy, and reparative fibrosis, all contributive to the development of cardiovascular diseases. 1 Therefore, elucidating the mechanisms underlying cardiomyocyte apoptosis may yield novel targets in cardiac disorder treatment, with crucial applications to cardiovascular biology and clinical medicine.
Nuclear hormone receptors represent a family of transcription regulators involved in diverse physiological functions. Several members of this superfamily have been shown to be expressed in the heart and play a pivotal role in regulating cardiac apoptosis. 2 -5 The farnesoid-X-receptor (FXR; NR1H4) is a recently discovered member of the metabolic nuclear receptor † Both authors contributed equally to this work.
superfamily. 6 Farnesoid-X-receptor is expressed in the liver and gastrointestinal tract, where it regulates the homeostasis of cholesterol and bile acid. 6 Farnesoid-X-receptor expression has also been reported in several other tissues not classically considered bile acid targets. 7, 8 Although the roles of FXR in these nonenterohepatic tissues remain largely unknown, several new and unexpected functions of FXR beyond its roles in metabolism were recently identified. 6, 8 More importantly, recent evidence suggests the presence of FXR in the vasculature, 9 with important roles in vascular physiology/pathology. 9, 10 However, the potential function of FXR in the heart remains largely unknown.
In this study, we have investigated FXR expression in isolated cardiac cells and intact heart tissues. We report our findings that cardiomyocyte-expressed FXR is a novel apoptosis mediator and contributes to myocardial ischaemia/reperfusion (MI/R) injury.
Methods
This investigation conformed to the National Institutes of Health Guidelines on the Use of Laboratory Animals and was approved by the Thomas Jefferson University Committee on Animal Care. An expanded Methods section is available in the Supplementary material online, which includes detailed methods on the following: in vivo murine model of MI/R injury, echocardiography, haemodynamic measurements, infarct size analysis, cell culture and hypoxia/reoxygenation (H/R), in vitro and in vivo apoptosis analysis, western blot analysis, qualitative and quantitative PCR, immunofluorescence analysis, flow cytometry analysis, mitochondrial permeability transition pore (MPTP) and membrane potential (DCm) analysis, cytochrome c ELISA, caspase activities, reactive oxygen species (ROS) assay, and statistical analysis.
Results
Expression profile of the farnesoid-X-receptor in cardiac cells and heart tissues To determine whether FXR, a nuclear receptor originally thought to be primarily expressed in the liver/gastrointestinal tract, is expressed in cardiac cells, FXR expression in various cardiac cells and heart tissues was detected by western blot, real-time PCR, and immunofluorescence analysis. Low level of FXR mRNA was detected by real-time PCR in isolated cardiac myocytes, including neonatal rat ventricular myocytes (NRVMs) and H9c2 cardiac cells. Freshly isolated rat liver and BRL-3A buffalo rat liver cells served as positive controls ( Figure 1A) . Immunoblotting confirmed the presence of an FXR protein band at 56 kDa in positive controls, as well as in NRVMs and H9c2 cells ( Figure 1B) . To determine that FXR protein is expressed in adult heart tissues, we evaluated FXR expression by western blotting in adult mouse tissues from wild-type (WT) and FXR-deficient mice. Farnesoid-X-receptor protein appeared at the expected molecular weight of 56 kDa in the WT heart, but was not detected in the FXR-deficient heart ( Figure 1C) . In situ immunofluorescence demonstrated the predominantly nuclear location of FXR in NRVMs and H9c2 cells ( Figure 1D ). The specificity of involved protocol antibodies was confirmed by a pair of negative control experiments; one utilized a specific FXR-blocking peptide (sc-1204 P), and the other omitted the primary antibody. Specific FXR signal was drastically reduced by sc-1204 P, and was absent when primary antibody was omitted. Two positive controls exhibited a distinctive nuclear signal for FXR immunofluorescence, including cultured rat BRL-3A liver cells and human QBC939 cholangiocarcinoma cells ( Figure 1D ). Together, these data demonstrate constitutive expression of FXR mRNA and protein by cardiomyocytes. Additionally, we detected FXR expression in neonatal rat cardiac fibroblasts (NRCFs), another cell type in the heart ( Figure 1D) .
Because activation-induced receptor autoregulation has been reported for FXR in some cell types, we next investigated whether FXR agonist-induced activation would regulate FXR expression in cardiomyocytes. Real-time quantitative PCR indicated that NRVMs activation by either natural (chenodeoxycholic acid, or CDCA) or synthetic (GW4064) FXR activators significantly induced FXR mRNA expression, suggesting the existence of a ligand-mediated auto-activation loop in cardiomyocytes ( Figure 1E and F) . Furthermore, both agonists significantly induced cardiomyocyte expression of the orphan nuclear receptor small heterodimer partner (SHP; NROB2), a well-known FXR target, in cardiomyocytes ( Figure 1E and F).
Farnesoid-X-receptor activation by agonist decreased cardiomyocyte viability by triggering apoptosis
To initially explore the biological function of FXR in cardiomyocytes, we first examined the effect of FXR agonists upon cellular viability. Graded concentrations of GW4064 and CDCA were added to the medium and incubated for 6 -72 h. Both GW4064 and CDCA reduced cell viability in a concentration-and timedependent manner in NRVMs. At 6 h, almost all concentrations of GW4064 tested had no significant effect upon viability (data not shown). However, a 24 h treatment of NRVMs with 3 or 5 mmol/L GW4064 caused 15.1 or 26.9% reduction in cell viability, respectively, compared with DMSO-treated controls (Supplementary material online, Figure S1 ). Chenodeoxycholic acid, although effective, was less efficient than GW4064 in reducing the viability, with significant effects apparent at concentrations of 75 mmol/L after 24 h. To examine whether the FXR agonistmediated reduction in cell viability resulted from apoptosis, we first employed Hoechst 33258 staining to identify apoptosis. Double-staining with Hoechst for nuclei and phalloidin for sarcomere organization in NRVMs demonstrated GW4064-induced typical apoptosis in a dose-and time-dependent manner ( Figure 2A and B) . For example, apoptotic nuclei were barely detectable (4.3%) after 12 h exposure to 5 mmol/L GW4064, but were evident (15.8%) in the cells after 24 h, and further elevated (29.8%) after 48 h. At 72 h, however, no further increase in apoptotic cells was visible because of the progression of the apoptotic cells to death, resulting in positive staining for Hoechst and propidium iodide, as well as loss of cells from the cover slip (data not shown). Chenodeoxycholic acid also reproducibly induced a similar although less potent apoptotic response than GW4064 ( Figure 2B ). Similar apoptotic responses were elicited in H9c2 cardiomyocytes, but relatively higher concentrations of GW4064 and CDCA were required to induce apoptosis in comparison with NRVMs ( Figure 2C) . To confirm the results of apoptosis from Hoechst 33258 staining, flow cytometric analysis with annexin V -FITC binding and JC-1 labelling was performed, both of which are detectors of early-stage apoptosis. Both GW4064 and CDCA treatment resulted in dose-dependent induction of early apoptosis compared with vehicle-treated NRVMs (Supplementary material online, Figure S2 ). These data strongly suggest that the activation of FXR induces the apoptotic death of cardiomyocytes at both early and later stages.
Opening of mitochondrial transmembrane pores
Alterations of mitochondrial function have been cited as a vital mechanism for apoptotic cell death in many systems. We 
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Temporal changes in the intra-mitochondrial calcein signal after FXR agonist treatment are shown in Figure 2E . To ensure that the decrease in intra-mitochondrial calcein staining was related to MPTP changes and not non-specific injury to mitochondrial membranes, cells were treated with cyclosporin A (CsA), a known MPTP inhibitor. Cyclosporin A (1 mmol/L) was efficient at inhibiting FXR agonist-induced calcein leakage from mitochondria, confirming the involvement of MPTP mechanism ( Figure 2D, top) .
Dissipation of mitochondrial membrane potential
Mitochondrial dysfunction was further studied in living cells by examining mitochondrial DCm, which was determined in situ using JC-1 in both NRVMs and H9C2 cardiomyocytes. Control cells showed bright, thread-like red-orange fluorescent JC-1 aggregates within mitochondria, representing normally hyperpolarized membrane potential ( Figure 2D, bottom) . In contrast, cells after FXR agonist treatment displayed a shift in JC-1 fluorescence, from red to green signal, presumably due to reduced JC-1 aggregate formation and the diffusion of JC-1 molecules into the cytosol, following the depolarization of mitochondria. The depression of mitochondrial DCm was further confirmed by flow cytometry, which demonstrated decrease in the red/green fluorescence intensity ratio ( Figure 2F ).
Translocation of cytochrome c
We next investigated whether FXR activation induced the translocation of cytochrome c, using several different approaches. Subcellular cytochrome c localization was first analysed with confocal immunofluorescence. As shown in Figure 3A , cytochrome c staining in control cells revealed a wispy, cigar-shaped subcellular localization pattern, surrounding the nucleus but extending deeply into the cytosol. The subcytoplasmic cytochrome c co-localized with a specific mitochondrial marker, MitoTracker Red, confirming its mitochondrial location. When cells were subjected to FXR agonist treatment, there was a shift in the fluorescence pattern of cytochrome c to a diffuse cytoplasmic state. Interestingly, we also observed that the distribution of MitoTracker Red-labelled mitochondria underwent significant changes during this period. Mitochondria in certain cells did not retain the classical, extended tubular rod-like network, but displayed a spherical dot-shaped distribution, with tendency to aggregate ( Figure 3A, inset) . Western blot analysis confirmed the mitochondrial release of cytochrome c ( Figure 3B ). Figure 3C displays quantification data for cytochrome c redistribution by the sandwich enzyme immunoassay. Taken together, three distinct methods confirmed leakage of cytochrome c after FXR ligand stimulation.
Activation of caspase-9/caspase-3
To determine the effects of FXR activation upon caspase cascades, both caspase-9 and caspase-3 activity were tested. As shown in Figure 3D , the activity of caspase-9, an initiator caspase in the mitochondrial pathway, significantly increased with a peak at 12 h after treatment with FXR agonists in NRVMs and declined thereafter. Activation of caspase-3, a critical effector caspase, was strongly induced with a peak at 24 h after treatment with FXR agonists ( Figure 3D) . Thus, the peak of activation of caspase-9 preceded that of caspase-3, and these two peaks were precedence of the peak of percentage of apoptotic cells ( Figure 2B) . No significant activation of caspase-8 (an initiator caspase of the extrinsic pathway) 11 and caspase-12 (an endoplasmic reticulum-specific stress-activated caspase) 12 activities was observed at time points up to 24 h (data not shown). Overall, these observations demonstrated that FXR activation-induced apoptosis is mainly mediated by a mitochondrial-mediated cytochrome c-dependent caspase-9 activation pathway.
Regulation of BCL-2/BAX expression
To gain deeper understanding of the signalling events involved in FXR-induced cardiomyocyte apoptosis and mitochondrial dysfunction, we examined the effect of FXR agonists upon expression of BCL-2 family proteins, which have been implicated as major regulators of mitochondrial homeostasis in many cellular events. Farnesoid-X-receptor activation by agonists inhibited BCL-2 expression, and promoted conformational BAX activation (detailed in Supplementary material online, Figures  S3 -S5 ).
Effects of in vitro farnesoid-X-receptor silencing on apoptotic mitochondrial changes in cardiomyocytes
To more firmly establish the direct role of FXR in the regulation of cardiomyocyte apoptosis, we silenced endogenous FXR expression via specific siRNA targeting rat FXR. Cells were transfected with the FXR siRNAs, whereas control wells were mock-transfected or transfected with AllStars Negative Control siRNA. Farnesoid-X-receptor siRNA significantly reduced FXR transcript levels in a concentration-dependent manner, with 20 nmol/L FXR siRNA reducing FXR mRNA levels by 60.5 + 7.7% in NRVMs and 68.0 + 9.2% in H9c2 cardiomyocytes compared with mock-transfected, whereas transfection with control siRNA had no effect (Supplementary material online, Figure S6 ). Next, to explore whether FXR siRNA blocked the induction of apoptosis, cells were stimulated with GW4064 (5 mmol/L) or vehicle for 24 h after siRNA transfection. Without the FXR agonist challenge, FXR-knockdown cells did not differ in cell viability from those treated with scrambled siRNA. Transfection of NRVMs with FXR-specific siRNA, but not scrambled siRNA, blunted GW4064-induced apoptosis in NRVMs, as evidenced by Hoechst staining for the detection of nuclear condensation (7.1% for FXR siRNA vs. 21.8% for mock control, P , 0.01; Figure 4A) as well as by annexin V-FITC staining for phosphatidylserine translocation (6.4% for FXR siRNA vs. 14.3% for mock control, P , 0.01; Figure 4B ). Furthermore, suppression of FXR by siRNA attenuated the FXR agonists-induced apoptotic mitochondrial changes in NRVMs, including MPTP opening, mitochondrial DCm collapse, cytochrome c release, and LEHD-specific and DEVD-specific caspase activation ( Figure 4C-F) . No effects were observed from negative-control siRNA. Taken together, these observations provide further evidence of a direct role for FXR signalling in regulating cardiomyocyte survival and apoptosis.
Effect of blocking mitochondrial permeability transition pore or various caspases on farnesoid-X-receptor activation-induced myocyte apoptosis
To gain further evidence for the involvement of mitochondrial signalling pathway in FXR-mediated apoptosis, cardiomyocytes were pre-incubated with 1 mmol/L CsA for 1 h before exposure to 5 mmol/L GW4064 for 24 h. DMSO served as vehicle control. Treatment of myocytes with CsA alone did not affect the apoptotic baseline percentage. However, CsA significantly (all P , 0.01) reversed the pro-apoptotic effect of GW4064 in NRVMs, evidenced by a 41.7% reduction in Hoechst-positive and a 48.7% reduction in annexin V-positive staining cells, a 1.4-fold increase in mitochondrial DCm, a 38.5% reduction in mitochondrial cytochrome c release, a 61.0% reduction in caspase-9 activity, and a 26.0% reduction in caspase-3 activation (Supplementary material online, Figure S7 ). These data further confirm the functional importance of mitochondrial pathway activation in FXR-mediated apoptosis.
To identify possible involvement of other specific pathways in FXR-mediated apoptosis, we conducted another series of blocking experiments in which cells were pre-incubated with specific caspase-9 inhibitor Z-LEHD-fmk (50 mmol/L), caspase-8 inhibitor Z-IETD-fmk (50 mmol/L), or caspase-12 inhibitor Z-ATAD-fmk (50 mmol/L) for 1 h before exposure to 5 mmol/L GW4064 for 24 h. DMSO was added to cells without inhibitors as negative controls. Treatment of myocytes with various caspase inhibitors at indicated concentrations alone did not affect the baseline percentage of apoptosis (Supplementary material online, Figure S7 ). However, inhibition of caspase-9 activity with Z-LEHD-fmk abolished the apoptotic effects induced by GW4064 in NRVMs, as evidenced by Hoechst staining (258.0%) and annexin V staining (262.5%), without significant effects on the mitochondrial DCm and cytochrome c levels. The specific caspase-8 inhibitor Z-LEHD-fmk and caspase-12 inhibitor Z-ATAD-fmk had no significant effects on these apoptotic response induced by GW4064. These results offered further support for the critical role of mitochondria signalling in FXR-mediated apoptosis.
Expression and activation of farnesoid-X-receptor in ischaemic/ reperfused myocardium in vivo
To address the pathophysiological relevance of our in vitro findings from cultured cells, we investigated the expression of FXR in a real pathological condition, i.e. in vivo MI/R. As shown in Figure 5A , low FXR levels were detected in cardiac tissue from normal control mice subjected to sham MI/R. More importantly, a significant increase in FXR was observed in cardiac tissue obtained from ischaemic and reperfused tissue ( Figure 5A and B). Time-course studies of FXR expression suggested that FXR levels were not significantly changed during ischaemia, but markedly increased in the ischaemic area at risk by 2.1-fold at 3 h after reperfusion and remained elevated at 24 h after reperfusion ( Figure 5A and B) . In contrast, FXR levels in the non-ischaemic Figure 5 Upregulation of farnesoid-X-receptor (FXR) by ischaemia/reperfusion stimuli in the heart. (A and B) Time course of farnesoid-X-receptor activation detected by western blots (A) and real-time quantitative PCR (B) in the heart (n ¼ 5 -6 per time point, ischaemic and non-ischaemic areas) subjected to in vivo ischaemia/reperfusion (I/R) for the indicated times. Sham-operated animals were utilized as control. Results were normalized against GAPDH and converted to fold induction relative to sham-operated controls. *P , 0.05, † P , 0.01 compared with sham-operated controls. (C) Confocal immunofluorescence analysis on heart sections from sham-operated and ischaemia/ reperfusion mice 24 h after surgery. Sections were subjected to immunofluorescence for farnesoid-X-receptor (green) and a-actinin (red) and to staining for nuclei with DAPI (blue), and overlays are shown (Bar ¼ 20 mm).
area were not significantly changed during I/R, suggesting that FXR activation was confined to areas of tissue suffering the reperfusion injury. No significant FXR activation was observed when ischaemia alone continued for up to 3 h ( Figure 5A and  B) . Analysis of the sites of FXR activation was further undertaken by confocal immunofluorescence analysis of left ventricular myocardial sections ( Figure 5C) . A marked increase in FXR signal was mainly observed in cardiomyocytes in the ischaemic area but not in the non-ischaemic area. Considered together, these data are consistent with FXR activation in the ischaemic risk territory during the reperfusion period.
Mechanism of farnesoid-X-receptor activation during ischaemia/ reperfusion-role of reactive oxygen species
It is well known that ROS play a pivotal role in I/R-induced cardiomyocyte apoptosis by activating numerous signalling pathways. 13 Recent studies indicated that activities of some nuclear receptors could be regulated by a redox mechanism.
14 To investigate whether ROS are responsible for the activation of FXR by I/R, we utilized an in vitro model of simulated I/R. Cultured NRVMs were subjected to 6 h hypoxia, followed by reoxygenation of the indicated periods. Time-course studies of ROS production suggested that ROS increased significantly during reoxygenation, peaking 1 h after reoxygenation (Supplementary material online, Figure S8A ). Hypoxia insult for 6 h alone did not significantly affect FXR expression in myocytes; however, the levels of FXR increased significantly within 3 -6 h of reoxygenation (Supplementary material online, Figure S8B ). The expression of FXR target gene, SHP, also significantly increased during reoxygenation, with similar kinetics to FXR (Supplementary material online, Figure  S8B ). To determine whether ROS act as the upstream initiators for the activation of FXR by I/R, cells were pre-incubated with ROS inhibitors, N-t-butyl-a-phenylnitrone (10 mmol/L) or N-acetyl cysteine (10 mmol/L) 1 h before reoxygenation. Both antioxidants abrogated H/R-induced ROS production and the activation of FXR in response to reoxygenation (Supplementary material online, Figure S8C ). Direct exposure of myocytes to H 2 O 2 was also found to elicit FXR activation, as evidenced by increased expression of FXR as well as its target gene, SHP, in a concentration-dependent manner (Supplementary material online, Figure S8D ). Interestingly, when cardiac fibroblasts obtained from the same cultures were subjected to the same H/R protocol, we did not observe any significant changes of FXR expression in cardiac fibroblasts (Supplementary material online, Figure S8E ). Thus, although both myocytes and fibroblasts express FXR, only myocytes exhibit a significant response to hypoxia-reoxygenation with an increase in FXR. 
Activation of farnesoid-X-receptor contributed to the myocardial ischaemia/reperfusion injury
To assess the role of FXR in post-ischaemic myocardial injury, the effect of pharmacological FXR inhibition and siRNA FXR silencing upon MI/R injury was determined. Treatment with Z-guggulsterone (an established FXR antagonist 15 ) 15 min before reperfusion significantly (all P , 0.01) reduced cardiomyocyte apoptosis determined 3 h after reperfusion, as evidenced by reduced TUNEL-positive cells (241.6%), cytochrome c release (231.6%), and caspase-3 (230.4%) activities ( Figure 6A , C-E), and decreased myocardial infarct size (234.2%) determined 24 h after reperfusion ( Figure 6B) . Direct in vivo intra-myocardial injection of FXR siRNA (cardiac FXR-KD) markedly inhibited mouse cardiac FXR protein expression, with 70% inhibition 48 h after siRNA injection (Supplementary material online, Figure S9 ). Most importantly, this treatment markedly reduced I/R-induced myocardial apoptotic responses as assessed by reduced TUNEL staining (229.0%) and caspase-3 activity (220.3%) determined 3 h after reperfusion ( Figure 7A ) compared with the control siRNA group. Moreover, FXR-KD mice exhibited a 23.4% reduction in infarct size ( Figure 7B) , as well as enhanced left ventricular ejection fraction (LVEF) by echocardiography ( Figure 7C ) and improved left ventricular performance (i.e. left ventricular end-diastolic pressure and maximal first derivative of left ventricular pressure) by catheterbased haemodynamic measurement determined 24 h after reperfusion ( Figure 7D ). To further confirm the role of the FXR in the ischaemia/reperfusion injury, FXR-KO and matched WT C57BL/6 mice were subjected to MI/R. Compared with WT mice, FXR-deficient mice exhibited reduced myocardial apoptosis as determined by TUNEL labelling (253.4%) and caspase-3 activation (245.4%) at 3 h after reperfusion ( Figure 8A ), accompanied by a 49.7% reduction in infarct size ( Figure 8B ) and a 1.5-fold improved LVEF by echocardiography ( Figure 8C ) at 24 h after reperfusion. These results provide strong evidence that the nuclear receptor FXR activation plays an important pathogenic role in MI/R injury. 
Discussion
In the present work, we identify a novel role for the nuclear receptor FXR in cardiomyocytes. The novel contributions include the following: (i) Using cultured cardiomyocytes, we have demonstrated that FXR is expressed in various cardiac cells, and activation of FXR causes significant cardiomyocyte apoptosis.
(ii) Mechanistic studies demonstrated that activation of FXR stimulated mitochondrial death signalling, characterized by MPTP activation, mitochondrial potential dissipation, cytochrome c release, and both caspase-9 and -3 activation. (iii) siRNA-mediated silencing of endogenous FXR or pharmacological inhibition of mitochondrial death signal significantly suppressed FXR agonists-mediated apoptotic responses in cardiomyocytes. (iv) The involvement of FXR myocardial apoptosis was further demonstrated in a real pathological condition, i.e. in vivo myocardial ischaemia followed by reperfusion. Pharmacological inhibition or genetic ablation of FXR significantly reduced infarct size and improved cardiac function, indicating that FXR activation in response to MI/R is a novel mechanism contributing to MI/R injury. Taken together, these results demonstrate for the first time that nuclear receptor FXR acts as a novel apoptosis mediator in cardiomyocytes, and contributes to MI/R injury.
Several members of the nuclear hormone receptor superfamily have been reported to regulate cardiac apoptosis, including the peroxisome proliferator-activated receptors (PPARa, b, and g), 2 retinoic acid receptor, 3 oestrogen receptor, and androgen receptor. 4 Recently, we reported that retinoic-X-receptor (RXR),
another nuclear hormone receptor, negatively regulated cardiomyocyte apoptosis via mitochondrial-protective mechanisms. 5 The present study further characterized FXR as an endogenous positive regulator in cardiomyocytes. In view of the distinct regulatory roles for these nuclear receptors in cardiomyocyte apoptosis, it is conceivable that a potential regulatory cross-talk among them might serve to maintain the delicate homeostatic balance between cell death and survival. Of particular interest is a recent human HepG2 cell study that reveals that RXR activation may antagonize FXR activity by decreasing FXR DNA binding and preventing co-activator recruitment. 16 Additionally, in human HepG2 cells, activation of FXR by agonists was found to induce expression of PPARa gene and its target genes. 17 Therefore, the characterization of the molecular cross-talk between FXR and other nuclear receptor (i.e. RXR or PPAR) pathways would be requisite for complete understanding of cardiomyocyte apoptosis processes.
Clinical implications of this study
The current experimental findings are scientifically and clinically important. The identification of FXR as a novel functional receptor in cardiomyocytes may broaden our understanding of the multiple biological functions of FXR beyond the enterohepatic system. Our observations, along with the recent findings regarding the role of FXR in vascular tissue from several research groups, 9,10 provide support for FXR as an important regulator of cardiovascular biology. Demonstration of FXR-specific ligands and siRNAs modulating apoptosis implies an important role for FXR in survival signalling and death regulation in cardiomyocytes. Therefore, it is conceivable that dysregulation or malfunction of FXR may play a role in several cardiac diseases related to cardiomyocyte growth and apoptosis, and that FXR represents a potential molecular therapeutic target for the treatment of cardiac disease.
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